ABSTRACT Wild rodent reservoir host species were surveyed prospectively for infection with Borrelia hermsii, the causative agent of tick-borne relapsing fever in the western United States. Trapping occurred during the summer of 2009 Ð2012 at Þeld sites surrounding Big Bear Lake, CA, a region where human infection has been reported for many years. Using quantitative polymerase chain reaction (qPCR), we tested 207 rodents from 11 species and found chipmunks (Tamias spp.) and a woodrat (Neotoma macrotis) infected. Chipmunks represented the majority of captures at these sites. Sixteen of the 207 (7.7%; CI ϭ 4.6 Ð12.4) animals were qPCR-positive for Borrelia spp. associated with relapsing fever, and of those, we obtained bacterial DNA sequences from eight. The phylogram made from these sequences depict a clear association with B. hermsii genomic group I. In addition, we identiÞed an infection with Borrelia coriaceae in a Tamias merriami, a potentially nonpathogenic member of the tick-borne relapsing fever group. Our Þndings support the hypothesis that chipmunk species play an important role in the maintenance of Borrelia species that cause tick-borne relapsing fever in the western United States, and therefore the risk of infection to people.
Relapsing fever is a zoonotic disease described across the world in which human cases typically present as an undulating febrile illness with many nonspeciÞc symptoms including headache, myalgia, and arthralgia. In the United States, tick-borne relapsing fever (TBRF) occurs throughout the mountainous west and southwestern deserts because of infection with one of the two spirochetes (Borrelia hermsii and Borrelia turicatae), each closely associated with individual soft tick vectors (Davis 1942) . The Þrst recorded outbreak in North America occurred in Colorado in 1915 (Meader 1915) and was soon identiÞed in the Sierra Nevada Mountains of California and Nevada (Briggs 1922 , Longanecker 1951 . These early studies documented the distribution and prevalence of B. hermsii from high-elevation sites throughout California, including the Lake Tahoe region of the Sierra Nevada Mountains and Big Bear Lake in southern California. Human infection risk is associated with rodent infestation of a home or cabin, especially after seasonal periods of inoccupancy (Dworkin et al. 1998 , Fritz et al. 2004 .
The Ornithodoros ticks that transmit TBRF can be difÞcult to collectÑ especially Ornithodoros hermsi Wheeler, who do not respond to dry ice trapsÑand typically occur after extensive search of an infected patients residence or analyses of rodent nest content using Berlese funnels (Tullgren 1918) . Because of this difÞculty, the distribution of B. hermsii has been described based on human cases and the investigations of presumed sites of exposure (Dworkin et al. 1998 (Dworkin et al. , 2002a Fritz et al. 2004) . Experimental infections, in the 1930s, of tree squirrels and chipmunks with a newly identiÞed spirochete established the potential for enzootic maintenance of this pathogen (Coleman 1934, Wynns and Beck 1935) . A later experimental infection study used a diversity of host species with evidence of infection in the wild. These animals were infected with B. hermsii isolated from O. hermsi, and included successful infection in pine squirrels (Tamiasciurus hudsonicus), chipmunks (Tamias spp.), and meadow voles (Microtus pennsylvanicus), whereas ground squirrels (Callospermophilus lateralis and Spermophilus columbianus), woodrats (Neotoma cinerea), ßying squirrels (Glaucomys sabrinus), and deer mice (Peromyscus maniculatus) did not become infected (Burgdorfer and Marvos 1970 (Davis 1956) .
B. hermsii is maintained in endemic infection cycles that involve the tick vector O. hermsi and a community of rodents at high elevations (Wynns and Beck 1935) . Early studies indicated that transovarial transmission of these spirochetes was rare (Wheeler 1938) , establishing the need for susceptible and competent rodent reservoir hosts to maintain the pathogen in nature. Chipmunks (Tamias spp.) in high elevation sites throughout California are frequently infected with B. hermsii as evidenced by serological positivity; however, seropositivity does not necessarily support maintenance and active infection was not described (Fritz et al. 2013) . There is additional serological evidence of other rodent species infected with B. hermsii; however, they are often captured in much lower numbers.
The eco-epidemiology of the etiologic agents that cause TBRF is mostly based on human case information and follow-up public health investigations of the presumed sites of exposure (Dworkin et al. 1998 , Fritz et al. 2004 . Because of the difÞculty in acquiring isolates from vertebrates, there is a paucity of active infection data from sylvatic reservoir hosts rather than the associated vector (Barbour and Guo 2010) . The majority of characterized sequences come from B. hermsii cultured from human cases, and tick (O. hermsi) or the occasional wildlife host (Bunikis et al. 2004a , Schwan et al. 2007 , Fischer et al. 2009 ). The goals of this study were to prospectively survey wild rodent hosts for infection with B. hermsii around Big Bear Lake, southern California, and identify and genotype the species of bacteria found in wild rodent hosts from this region.
Materials and Methods
Trapping efforts occurred in the summers of 2009 Ð 2012 during the months of July or August, depending on the year. Wild rodents were trapped at sites with a history of human cases. The locations of cabins associated with human relapsing fever cases were identiÞed after discussions with the U.S. Department of AgricultureÐForest Service (USDA-FS; San Bernardino National Forest) employees, state public health employees, and local residents. Detailed location information for positive collection sites described in this report is not given at the request of the homeowners that cooperated with this study. One site, the "south-shore track" was trapped every year of the study while other trapping localities varied by year. All sites occurred in close proximity to the town of Big Bear, San Bernardino Co., CA. The habitat at these sites included cabins made of large logs, many of which were built decades ago. Many of the structures are historical buildings that have been owned by the same families for generations. The cabins are often located on steep granitic hillsides surrounded by forested habitats of ponderosa pine (Pinus ponderosa Douglas ex Lawson & C. Lawson) trees. At each site, traps were set along the outsides of cabins, garages, boat-houses, and woodpiles. In addition, small mammals were also captured at campgrounds and at two completely sylvatic environments (i.e., without any domestic structures). At each trapping location, 100 large (XLK) live-traps (Sherman Traps, Tallahassee, FL) were set in the evening in areas of rodent activity and around sites of human occupation, if present. Throughout the following day, traps were checked and if not occupied, left open. Overnight trapping allowed us to sample nocturnal species (deer mice and woodrats) and daylight trapping allowed us to capture sciurids (ground squirrels and chipmunks). Captured rodents were anesthetized using isoßurane to enable blood and tissue collection. All trapped animals were identiÞed to species, marked using a uniquely numbered ear-tag, examined for ectoparasites, and then bled via abrasion of the retro-orbital sinus for small rodents and venipuncture of the femoral vein for larger sciurids. Between 100 to 200 l of blood was collected from each animal, based on its size. In addition, a small piece of the pinna of the right ear was collected for use in molecular genetic identiÞcation of chipmunks. After tissue and blood collection, animals were recovered from anesthesia and released at the site of capture. Blood was placed in tubes containing ethylenediaminetetraacetic acid and placed on ice until transferred to the laboratory. DNA was extracted from whole blood according to the manufactureÕs protocols (DNeasy Blood and Tissue kit, Qiagen, Valencia, CA) and stored at Ϫ20ЊC until genetic analysis could be performed. The pinna samples were placed in sterile 1.7-ml centrifuge tubes and processed in the same manner as the blood. All work was preformed under an approved University of Nevada Institutional Animal Care and Use Committee protocol (00421).
We performed quantitative polymerase chain reaction (qPCR) on all samples acquired during the study period using primers and a ßuorescent hybridization probe developed to amplify a portion of the 16S rDNA of relapsing fever complex spirochetes (FOR 5Ј-GCG-TAAAATAC CACAGCTCAACTG-3Ј, REV 5Ј-CCCCTATCAGAC TCTAGTCATGCA-3Ј, probe 5Ј-TTTCCAGC ATATTCCC-3Ј; Mehra et al. 2009 ). All qPCR assays were performed using SsoFast Supermix 1ϫ (Life Science Research, Bio-Rad, Hercules, CA) on either the TaqMan real-time PCR system in a combined thermocycler/ßourometer (ABI Prism 7500fast, Applied Biosystems, Foster City, CA) or the CFX96 qPCR system (Life Science Research, Bio-Rad, Hercules, CA). Each 20-l reaction contained primers at a concentration of 300 nM, and a hybridization probe at 200 nM (Applied Biosystems, Life Technologies, Carlsbad, CA). The qPCR conditions were 95ЊC for 3 min, followed by 39 cycles of 95ЊC for 30 s and 55ЊC for 30 s. Each run included three negative controls and a single positive control of B. hermsii CCI strain isolated from O. hermsi collected in the eastern Sierra Nevada Mountains, Mono County, CA (kindly provided by A. Barbour, University of California, Irvine). Samples were considered positive if they had a cycle threshold value Ͻ40 and characteristic qPCR ampliÞcation plots. To speciÞcally identify relapsing fever species, we attempted to sequence a Ϸ650-bp portion of the 16S-23S intergenic spacer (rrs-rrlA, IGS) of each qPCRpositive sample (Bunikis et al. 2004a,b) . Each positive sample was subjected to nested PCR, the ampliÞed product was further puriÞed using the QIAquick kit (Qiagen, Valencia, CA) and then sequenced using capillary Sanger sequencing (Nevada Genomics Center, Reno, NV). Sequences were acceptable if Ͼ80% of the nucleotides had a Phred quality rank above the q20 reference line. Sequences were manually trimmed using MEGA 5.0 (http://megasoftware.net/) to maximize the number of phylogenetically informative sites. Each sequence was then compared with other sequences available from Genbank using BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Ecological data were analyzed with the statistical package "R" (R Development Core Team, http://www.r-project.org, Vienna, Austria). For each species and at each location, we calculated the PCR prevalence and 95% CIs by the proportions test assuming binomial distributions.
DNA sequences were aligned using ClustalW, as implemented in MEGA, and then analyzed for Bayesian phylogenetic inference using MrBayes version 3.1.2 (http://mrbayes.csit.fsu.edu/). Consensus trees were midpoint rooted and visualized using the software package FigTree v1.3.1 (A. Rambaut, http:// tree.bio.ed.ac.uk/software/Þgtree/).
In addition to Borrelia diagnostics, we sequenced a 850-bp portion of the cytochrome b gene (cyt b) of all chipmunks captured to ensure accurate species identiÞcation in the area (Demboski and Sullivan 2003 ). The ear tissue was then DNA extracted with a kit in the same manner as blood except following tissue protocols. Sequences were compared with those available on GenBank and used as a species designation for prevalence calculations.
Results
We sampled 207 wild rodents from sites surrounding Big Bear Lake, CA, during the summers of 2009 Ð 2012. In total, we detected 16 qPCR-positive individuals infected with TBRF complex Borrelia spp. (7.72% prevalence; CI ϭ 4.6 Ð12.4%), and of those, obtained sequence data from nine (4.34%; CI ϭ 2.1Ð 8.3%; chipmunks 1Ð9, Genbank accession numberÕs KJ633813Ð KJ633822, respectively). Following a BLAST search, eight of the sequences aligned closely to B. hermsii and one to a second TBRF species, Borrelia coriaceae. We constructed an IGS sequence alignment containing 582 bp from 9 of the 16 qPCR-positive samples. The midpoint-rooted phylogram of B. hermsii IGS sequences from positive samples show that sequences belonged solely to the same genomic group (GGI; Fig.  1 ). In addition, a single individual was infected with a different TBRF-group Borreliae, B. coriaceae (100% nucleotide identity using BLAST, accession number KJ633820). This is the Þrst time this spirochete species has been identiÞed in a wild rodent host.
We identiÞed qPCR-positive individuals every year we sampled, although the overall prevalence of infection varied by year (6.6, 14.3, 9.3, and 3.3% in 2009 Ð 2012, respectively) . A single site remained devoid of infected individuals during the entire study period. This site had suffered a large Þre in the previous 3 yr and only Peromyscus spp. (deer mice) was captured there.
We captured 11 species of rodents and detected spirochete DNA in three of those (Table 1) . Chipmunks (Tamias merriami, Tamias obscurus, and Tamias speciosus) represented the majority of captures (61.3% of the total), with T. merriami captured in the highest numbers and also comprising the majority of the infected hosts. Of the chipmunk species captured, T. merriami and T. speciosus were qPCR-positive. We also detected B. hermsii infection in a single big-eared woodrat (Neotoma macrotis); however, woodrats were captured in low numbers (Table 1) , and at this site, a T. merriami was also infected. Interestingly, the T. merriami captured at the same site was infected with B. coriaceae.
Discussion
Our research indicates that Borrelia species in the TBRF group are endemic in wild small mammal populations in the Big Bear Lake area of the San Bernardino Mountains in southern California. Infection prevalence appears highest in chipmunk species, consistent with Þndings in Colorado, where wild rodent surveillance identiÞed infection in Uinta chipmunks (Tamias umbrinus) , while other rodent species tested negative (Trevejo et al. 1998) . Following a human case at the Mount Wilson observatory, a site near Big Bear Lake, two brush mice (Peromyscus boylii) were strongly sero-positive for antibodies against B. hermsii, although in that study low numbers of chipmunks were captured ). Those researchers did Þnd infected O. hermsi and were able to isolate spirochetes in culture designated MTW2 (EU203148) that were genetically identical to MTW1 (EU203147) and both in genomic group II (Fig. 1) . We were able to sequence 9 of our 16 qPCR-positive samples. Six of these samples were detected in qPCR-positive T. merriami and three from T. speciousus (Table 1; Fig. 1 ). Of these, eight matched closely with B. hermsii and one from B. coriaceae available from GenBank (Fig. 1) . All of our B. hermsii IGS sequences grouped within the GGI complex, suggesting detectable infection in reservoir hosts by a locally dominant strain. Sequences included in the GGI complex include representatives from humans and ticks collected from throughout the western United States including California (the Sierra Nevada Mountains, ELD, and MAN), Utah (ALL), Washington (HS1 and DAH), and Idaho (SWA; Schwan et al. 2007 ). Inclusion of representative sequences from Big Bear into the GGI complex extends the potential range of this complex in the west and from wildlife reservoir hosts. In addition, while speciÞc vectorÐpathogen relationships exist (i.e., between O. hermsi and B. hermsii), vertebrate hosts are infected by multiple species of TBRF-group Borrelia. However, a thorough investigation of vertebrate host reservoir host competence for multiple species of TBRF spirochetes has not occurred.
We identiÞed active B. hermsii infection in two species of chipmunks (T. merriami and T. speciousus) and one woodrat (N. macrotis). Chipmunks were captured in the highest numbers (61% of total captures) from our sites and the only other species of wild rodent with comparable capture rates, deer mice, was not infected. Chipmunks undoubtedly maintain B. hermsii spirochetes as evidenced by our data and a recent sero-survey of rodents from Big Bear Lake using the B. hermsii GlpQ antigen who described 4 out of 19 (21%) chipmunks with positive serology, no ground squirrels, and 3 out of 32 (9%) other rodents with evidence of infection (Fritz et al. 2013) . Similar infection prevalence estimates were obtained in our study (Table 1; T. merriami and T. speciousus with 6.1Ð31.2% infection prevalence) and show that chipmunks are actively infected in percentages similar to those detected by serology. At other sites in California, Fritz et al. (2013) describes evidence of infection in numerous other rodent species including 2 out of 15 (13.3%) of tree squirrels (Tamiasciurus douglasii and Sciurus griseus, 8.3 and 33.3% seroprevalence, respectively), 18 of the 87 (20.6%) ground squirrels (C. lateralis and Otospermophilus beecheyi, 11.5 and 24.6% seroprevalence, re- spectively), 1 out of 7 (14.3%) dusky-footed woodrats (Neotoma fuscipes), and 2 out of 133 (1.5%) of deer mice (P. maniculatus). In our study, we identiÞed a single other infected rodent species; however, we did not capture equal numbers of either tree squirrels or ground squirrels. The identiÞcation of B. coriaceae DNA in a chipmunk from the Big Bear Lake area is the Þrst time this member of the relapsing fever complex has been detected in a wild rodent. Previous research has identiÞed B. coriaceae infection in Oparanthus coriaceus (F. Brown) Sherff ticks as well as mule deer (Johnson et al. 1987 , Nieto et al. 2012 ; however, currently human disease has not been attributed to this spirochete species. The tick vector, O. coriaceus, typically uses deer and cattle as hosts but has been reported to feed on a variety of other vertebrate species (Furman and Loomis 1984) . Although tick collections were not performed as part of this study, historically O. coriaceus has been reported in southern California (Cooley and Kohls 1944) and the authors have collected these ticks at elevations of 2,372 m at the nearby southern Sierra Nevada Mountains (Inyo Co., CA; Teglas et al. 2011) . At 2,060 m, the elevation of Big Bear Lake is comparable, and it is possible that the ticks inhabiting the region may use chipmunks as a host as well as larger vertebrates, especially considering that cattle are not typically available to them in the area. It is interesting that chipmunks may serve as hosts to multiple species of relapsing fever Borreliae, even if as an accidental host.
Relapsing fever is most likely severely underreported in North America and abroad where clinical signs are either mistaken for those caused by other pathogens or where physicians are unaware of the clinical manifestations of this disease. Patients with TBRF are often infected while vacationing but diagnosed in urban areas far removed from the likely source of exposure (Dworkin et al. 1998 , Fritz et al. 2004 . In Big Bear, 3Ð15 cases of TBRF are reported each year, mostly occurring during the summer months (Fritz et al. 2004) . High numbers of vacationers visit the region annually and stay in rental cabins or homes with limited rodent prooÞng and sporadic occupancy, providing optimal conditions for rodent ingress. O. hermsi do not remain attached to their host beyond the time it takes to feed, making detection of a bite difÞcult, and thus patients do not report the potential exposure to their physicians.
Although not yet investigated, the longevity of these ticks suggests that in nature, O. hermsi may serve as the de facto reservoir of B. hermsii, likely serving as a long-lived host for the bacteria and infecting naive hosts through multiple generations.
Although transmission experiments in wildlife have not been signiÞcantly evaluated to date, we hypothesize that regional species of chipmunks maintain populations of O. hermsi and act as vertebrate reservoirs of B. hermsii. This is because of the prevalence of infected individuals, their high population numbers, recovery of tick vectors from their nests, and their ability to colonize human homes during periods of inoccupancy. Transmission by infected soft ticks that remain in the cabin, and are provided seasonal meals from rodents and people, may help explain why infections in humans is focal with multiple users of certain cabins being frequently infected through the years, while neighboring cabins remain unaffected.
